DNA polymerases are the key enzymes for DNA synthesis involved in DNA replication, recombination, and repair. Structural insights of DNA polymerases and their mode of substrate binding and recognition were obtained from crystal structures of several DNA polymerases bound to their substrates. 1 These studies as well as mechanistic investigations suggest that DNA polymerases make complex interactions with the primer template and nucleotide substrates during catalysis of DNA polymerization. 2 Enzyme contacts with the primer template are manifold and reaching up to several nucleotide pairs beyond the catalytic center, leading in most cases to a severe bent of the DNA near the primer 3′-end. 1a-e,2 These interactions primarily occur through the minor groove of the DNA duplex with the sugar phosphodiester backbone. 1,2 To gain insights into the participation of these complex enzyme-DNA contacts in DNA polymerase function, we have developed new steric probes to investigate interactions through the minor groove acting on the sugar backbone. We report here on functional investigations leading to valuable new insights, which could be exploited for improved strategies based on the DNA polymerase reaction.
DNA polymerases are the key enzymes for DNA synthesis involved in DNA replication, recombination, and repair. Structural insights of DNA polymerases and their mode of substrate binding and recognition were obtained from crystal structures of several DNA polymerases bound to their substrates. 1 These studies as well as mechanistic investigations suggest that DNA polymerases make complex interactions with the primer template and nucleotide substrates during catalysis of DNA polymerization. 2 Enzyme contacts with the primer template are manifold and reaching up to several nucleotide pairs beyond the catalytic center, leading in most cases to a severe bent of the DNA near the primer 3′-end. 1a-e,2 These interactions primarily occur through the minor groove of the DNA duplex with the sugar phosphodiester backbone. 1,2 To gain insights into the participation of these complex enzyme-DNA contacts in DNA polymerase function, we have developed new steric probes to investigate interactions through the minor groove acting on the sugar backbone. We report here on functional investigations leading to valuable new insights, which could be exploited for improved strategies based on the DNA polymerase reaction.
We expected that DNA modifications primarily cause altered kinetic properties of the enzyme through perturbation of native enzyme-substrate interactions at those positions where relevant DNA-enzyme contacts exist. To monitor steric constraints acting on the minor groove of DNA we applied 4′-alkyl modifications as steric probes which continually increase in steric bulk and point at the minor groove of double-stranded DNA (Figure 1 ) without significantly affecting hybridization properties. [3] [4] [5] For this purpose alkyl groups should be ideally suited since potential effects on hydrogen-bonding patterns and conformations of the nucleotides are minimized. 3 These properties significantly distinguish 4′-alkyl modifications from those applied in recent investigations of DNA polymerases, comprising probes with potential hydrogen-bond donors and acceptors or altered hydrogen-binding patterns. 6 Furthermore, through application of the 4′-alkyl minor groove modifications in functional studies we should be able to monitor differential interactions acting on the primer and template strands.
We investigated the Klenow fragment (Kf) of Escherichia coli DNA polymerase I (exo-) since it is extensively used as a model for DNA polymerase mechanisms and function. 2 To evaluate qualitatively contacts acting on the primer strand we performed primer extension studies employing site-specifically 4′-alkylated DNA as substrates ( Figure 2) . 4 First, we tested the ability of Kf to perform primer extension from 4′-alkylated thymidine moieties at the 3′-end of 25nt primers (position +1P) annealed to a 36nt template. 4 Only negligible amounts of longer reaction products were detected, indicating that 4′-alkylated sugar moieties strongly impede further DNA synthesis promoted by Kf ( Figure 2A , lanes 1-5). However, at +2P methylated and ethylated substrates were extended with significantly increased efficiency while isopropyl still prevents efficient extension ( Figure 2A , lanes 6-10). To elucidate further remote minor groove contacts acting on the primer strand we synthesized DNA complexes comprising the 4′-alkylated moieties at positions +1P to +4P. 4 These DNA complexes serve as substrates for quantitative analysis of every single extension step employing single-nucleotide insertion assays under steady-state and single completed hit conditions as described recently. 3, 4, 7 The results from the quantitative analysis showed that substitution of the 4′-hydrogen with a methyl group at +1P cause a 2000-fold reduction of nucleotide insertion efficiency. As the methyl modification moves further beyond the catalytic center such pronounced effects on the efficiency were no longer discernible. Bulkier ethyl and i-propyl groups interfere with DNA synthesis primarily at positions +1P and +2P while at +3P and +4P no significant effects were detected. The less efficient DNA synthesis observed at the two first nucleotides beyond the nucleotide binding pocket can be rationalized by most functionally important Kf interactions with the sugar moieties at +1P and +2P. Interestingly, reduced extension efficiencies from sugar-or nucleobase-modified nucleotide analogues have been reported recently with Kf and other DNA polymerases, suggesting a more common phenomena. 8 Next, we investigated Kf minor groove contacts with the template strand. Again we used a multiple nucleotide insertion assay to get a qualitative view of the action of 4′-alkylated template nucleotides on Kf bypass synthesis. To access contacts with the template strand within the DNA duplex we used a primer that places the modification at position +1 and performed nucleotide insertion employing all natural dNTPs ( Figure 2B ). In contrast to the results described * To whom correspondence should be addressed. E-mail: a.marx@uni-bonn.de above the most prominent pausing site was observed at position +4T when a 4′-methylated template was employed. Increasing the size of the 4′-modification caused the accumulation of products at +2T and +4T. Quantitative studies verified these observations and demonstrated that the effects on enzyme efficiency are more than 200-fold at postion +4T. 4 Distal effects had been previously observed in Kf bypass synthesis of bulky DNA. 6c Our results suggest differential interactions with primer and template strands through the protein. As shown by measured T m values, 4 4′-alkylation results in no significantly altered duplex hybridization. Thus, we attribute the observed effects mostly to steric interactions. No crystal structure of Kf bound to the DNA substrate in the DNA polymerization mode is available; thus, highly homologous Bst DNA polymerase I (Bst pol) is often used to correlate functional data to Kf structure. 1d,2 The Bst pol structure suggests close proximity of the sugar 4′-position to amino acid residues located in the turn of motif C, namely Val828 (880 in Kf) and His829 (881) next to the essential Asp830 (882). 1d Thus, modifications located close to the active site affect enzyme efficiencies most significantly. The Bst pol structure further indicates a set of contacts of a protein motif ( -strand 8 in Kf 2a ), which stretches along the minor groove of the primer-template complex (610-626, 663-679 in Kf) and is in close proximity to the sugar moieties in +2P, +2T, +4T. At these positions 4′-modifications cause most pronounced distal effects on nucleotide insertion efficiency. These results indicate that Kf is able to translate distal perturbations at certain substrate positions to the active site, resulting in significantly diminished catalysis. 6 These mechanisms may allow DNA polymerases to prevent sealing of damaged or altered nucleotides into the nascent DNA strand. Interestingly, on the basis of the structural data +1T modifications are expected to be located in close proximity to the backbone of Tyr714 (766), which corresponds to a residue in pol I family enzymes crucial for base flipping, which is believed to be involved in correct enzyme function. 1c,d Methyl and ethyl substitutions at +1T exhibit only slight effects on nucleotide insertion.
The knowledge gained through this study should be useful for the design of new technologies based on the DNA polymerase reaction. In a first approach we investigated whether 4′-modified primer strands have any effects on the base-substitution fidelity of DNA synthesis. Higher DNA polymerase discrimination between canonical and noncanonical nucleotide insertion would be desirable for the development of improved methods for genome analysis, for example, the mini-sequencing approach. 9 We speculated that addition of steric strain at +2P through 4′-alkyl modifications would cause less flexibility of the 3′-primer end and a decreased tolerance of geometrically altered nascent mispairs. Thus, we investigated single-nucleotide insertion by application of unmodified and 4′-alkylated primers, respectively (Figure 3) .
Analysis of the reactions performed with unmodified primer revealed significant misinsertion (Figure 3) . Employment of 4′-methylated primer under identical conditions yielded only traces of misinsertion products, which were further diminished by the use of 4′-ethylated primer. Kinetic analysis of misinsertion compared to insertion revealed that 4′-modifications cause an increase of K M accompanied by a remarkably reduced V max in contrast to observations made with unmodified DNA substrates, where selectivity is primarily achieved by increase of K M . 4, 10 These properties might be beneficial for improved DNA polymerase-based nucleotidedetection approaches. Together with our previous results, it appears that alkyl modifications at the sugar moieties decrease DNA polymerase substrate tolerance suggesting sugar backbone editing in Kf selectivity mechanisms. Furthermore, our results support the suggested model of geometrical selection as determinant of DNA polymerase selectivity. 2 In conclusion, we describe new steric probes for the functional investigation of DNA polymerase interactions which target the sugar backbone in the minor groove of the primer template. This study shows that through application of the presented probes valuable insights into DNA polymerase function can be gained, which might be useful for the design of new DNA replication systems with improved desired properties.
